The present study stems from our previous observations that the brains of adult estrogen receptor ␤ knockout (ER␤؊͞؊) mice show regional neuronal hypocellularity especially in the cerebral cortex. We now show that ER␤ is necessary for late embryonic development of the brain and is involved in both neuronal migration and apoptosis. At embryonic day (E)18.5, ER␤؊͞؊ mouse brains were smaller than those of the wild-type (WT) littermates, and there were fewer neurons in the cortex. There were no differences in size or cellularity at E14.5. When proliferating cells were labeled with 5-bromodeoxyuridine (BrdUrd) on E12.5, a time when cortical neurogenesis in mice begins, and examined on E14.5, there was no difference between WT and ER␤؊͞؊ mice in the number of labeled cells in the cortex. However, when BrdUrd was administered between E14.5 and E16.5, a time when postmitotic neurons migrate to layers of the cortex, there were fewer BrdUrd-labeled cells in the superficial cortical layers by E18.5 and postnatal day 14 in mice lacking ER␤. At E18.5, there were more apoptotic cells in the ventricular zone of mice lacking ER␤. In addition, the processes of the cortical radial glia, which are essential for guiding the migrating neurons, were fragmented. These findings suggest that by influencing migration and neuronal survival, ER␤ has an important role in brain development.
I
n the CNS of developing and adult mammals, estrogens have actions that extend far beyond the control of reproduction (1) (2) (3) . Through its neurotrophic and differentiation-promoting effects, 17␤-estradiol acting via estrogen receptors (ERs) ␣ and ␤ is crucial for the sexual differentiation of CNS structures and functions during a ''critical period'' of brain development that extends from the late prenatal period until the first 2 weeks after birth (1) . 17␤-Estradiol also stimulates neural differentiation and modulates neural survival both in vivo and in vitro (1, 4, 5) and promotes synapse formation and extension and branching of neurites of cortical neurons (6, 7) .
The estrogen-synthesizing enzyme aromatase (8) (9) (10) as well as both nuclear ER␣ and ER␤ are expressed in many areas of the developing brain of several species (11) (12) (13) (14) . In the developing mammalian brain, neurons destined to form the ordered layers of the cortex are generated in the ventricular and subventricular zones, lining the lateral ventricles, and must migrate along processes of the radial glia to their final destination. Cortical development begins with the formation of the preplate followed by the appearance of the cortical plate (CP), which is the precursor of most of the cortex (15) . The period of neurogenesis in cortex in mice is between embryonic day (E)11 and E17 (16, 17) , and during this period the majority of CP neurons are generated. The CP increases in thickness by the addition of neurons migrating radially from the ventricular zones. Radial migrations then establish the neuronal layers with neurons migrating beyond previously established layers to settle at progressively more superficial levels (18, 19) . Thus, deep cortical layers V and VI are generated early, whereas progressively younger neurons form cortical layers IV, III, and II. This ''inside-out corticogenetic gradient'' is a general feature of the mammalian cortex (20) .
After neuronal migration is completed, radial glial cells transform into stellate astrocytes. These cells are easily recognizable on immunohistochemical staining by their high content of the glial fibrillary acidic protein (GFAP). This highly organized pattern of migration of neurons in the CNS is controlled by a plethora of signal exchanges between glial cells and neurons during the course of nervous-system development. In has been known for some time that glial cells are indispensable for the development of the CNS (21), but recently their role has been shown to be even more complex with the evidence that radial glial cells can also generate neurons (22) .
Because we observed an increased number of GFAPimmunopositive astrocytes in 2-month-old ER␤ knockout (ER␤Ϫ͞Ϫ) mice (23) and radial glial cells are the precursor of astrocytes, we speculated that ER␤ might be important in the function of radial glial cells during brain ontogeny.
In this study we show evidence that ER␤ is involved in migration of cortical neurons and thus controls cortical formation at a late stage in embryonic development.
Materials and Methods
Animals and Tissue Preparation. ER␤Ϫ͞Ϫ mice were generated as described (24) . Heterozygous mice were used for breeding. ER␤ϩ͞Ϫ female mice were mated overnight with ER␤ϩ͞Ϫ males and inspected at 9:00 a.m. on the following day for the presence of vaginal plug. Noon of this day was assumed to correspond to E0.5. All animals were housed in the animal-care facility with a 12-h light͞12-h dark photoperiod and given free access to tap water and rodent chow. To obtain embryos, pregnant mice were anesthetized deeply with CO 2 and perfused with PBS followed by 4% paraformaldehyde (in 0.1 M PBS, pH 7.4). Embryos were taken out and put on ice, and heads or brains were dissected and postfixed in the same fixative overnight at 4°C. For the postnatal day (P)14 group, pups were perfused individually with PBS followed by 4% paraformaldehyde, and brains then were removed and postfixed overnight. Sex was determined after direct visual inspection of the gonads with a dissecting microscope, and the tail and limbs were removed from each embryo for genotyping. After fixation, brains were processed for either paraffin (6 m) or frozen (30 m) sections.
BrdUrd Labeling and Analysis. Pregnant females were injected i.p. with 100 mg͞kg BrdUrd in PBS (0.1 M, pH 7.4). For early developmental stage studies, BrdUrd was given at E12.5, and embryos were removed at E14.5. For late developmental stage studies, pregnant mice were injected with BrdUrd at E14.5 and E15.5 or E15.5 and E16.5 and killed at either E17.5 or E18.5. Two of the females were allowed to deliver pups, and pups were killed at P14. The paraffin-embedded brain sections were dewaxed in xylene, rehydrated, processed for antigen retrieval with 10 mM citrate buffer (pH 6.0), and then incubated in 2 M HCl for 10 min at room temperature. This was followed by neutralization in 0.05 M borate buffer (pH 8.5) for 15 min and blocking of endogenous peroxidase with 1% H 2 O 2 for 30 min. Sections then were immunostained with an anti-BrdUrd monoclonal antibody (1:100, Becton Dickinson) overnight at 4°C followed by biotinylated goat anti-mouse secondary antibody (1:200, Vector Laboratories) and avidin-biotin peroxidase complex (1:100, Vector Laboratories) for 2 h at room temperature. After sections were washed in PBS, BrdUrd immunostaining was revealed by using 3,3-diaminobenzidine peroxidase reaction. The quantitative distribution of BrdUrd-positive cells in the cerebral cortex was determined from photomicrographs covering the superficial cortical layers of the somatosensory area. The number of BrdUrd-positive cells was counted on images in an area of 50 ϫ 50 m in the upper layer of the cerebral cortex in coronal sections (three animals per condition, three images each). All pictures were location-matched between ER␤Ϫ͞Ϫ mice and their littermate controls. Statistical analysis was performed with Student's t test. To control embryonic day precisely, comparison was made between littermates. Both WT and heterozygous mice were used as controls, because no significant difference was found between them.
Histology and Immunohistochemistry. In this study we used Nissl and hematoxylin͞eosin staining to examine the histology of brains with light microscopy. Brain sections were blocked for 30 min with 1% H 2 O 2 followed by 10% normal serum, rinsed three times with PBS, and incubated overnight with the antibodies microtubule-associated protein (MAP)-2B (1:250, Becton Dickinson), rat-401 monoclonal antibody (which recognizes nestin, 1:15, Development Studies Hybridoma Bank, Iowa City, IA), rabbit anti-GFAP (1:500, Santa Cruz Biotechnology), and calbindin D-28K (1:3,000, Swant, Bellinzona, Switzerland). These sections were processed further with biotinylated secondary antibodies, the avidin-biotin peroxidase complex, and diaminobenzidine as used in BrdUrd staining.
Detection of Apoptotic Cells. The terminal deoxynucleotidyltransferase-mediated dUTP end-labeling (TUNEL) assay was used to label cells that are undergoing apoptosis. After antigen retrieval, brain sections were stained with TUNEL reaction mixture according to the manual (in situ cell death-detection kit, Roche Molecular Biochemicals). The sections were incubated at 37°C for 1 h, rinsed three times in PBS, and then incubated in bisbenzimide (1 g͞ml, Sigma) for 1 min at room temperature.
Apoptotic cells were identified by their TUNEL reactivity as well as their fragmented and condensed nuclei stained with bisbenzimide. 
Results

Gross Anatomical and Histological Changes in Brains of ER␤؊͞؊
Mouse Embryos. At E14.5, there were no discernable differences between the brains of ER␤Ϫ͞Ϫ mice and their WT littermates in either size or gross morphology. Nissl staining of coronal brain sections showed that the cytoarchitecture was similar also (Fig.  1 A-D) . However, at E18.5 the brains of ER␤Ϫ͞Ϫ mice were clearly smaller than those of littermate controls ( Fig. 2A) . The retarded development was especially obvious in the cerebral cortex. Nissl staining showed clear evidence of a thinner cortex in the ER␤Ϫ͞Ϫ mouse brains in both male and female mice. As shown in Fig. 2 B-E, no morphological differences were evident in the hippocampus, thalamus, and hypothalamus when ER␤Ϫ͞Ϫ and WT mice were compared.
When BrdUrd was administered on E12.5 and embryos were examined on E14.5, there was no difference between WT and ER␤Ϫ͞Ϫ mice in the number or pattern of labeled neurons in the cortex (Fig. 1 E and F) . This indicates that early cortical development is not affected by lack of ER␤. At E14.5 no distinguishable layers could be seen in the cortex, but it was easy to distinguish the laminar organization of the cerebral hemisphere as ventricular zones͞subventricular zones, intermediate zones, and CP.
The Role of ER␤ in Migration of Cortical Neurons. In the mouse, late-generated neurons destined to cortical layers II-III become postmitotic at E15-E17 (20, 25, 26) . As shown by BrdUrd immunostaining, in WT mice many neurons generated at E14.5 and E15.5 have already settled down in the upper layers of the cortex by E17.5 and are distinguishable as a band of BrdUrdlabeled cells (Fig. 3 A and C) . In contrast, in ER␤Ϫ͞Ϫ mice most of the neurons labeled on E14.5 and E15.5 are still in the deep layers, and few BrdUrd-labeled cells are seen in the upper layers ( Fig. 3 B and D) . The same is true for neurons generated at E15.5 and E16.5 and observed at E18.5 ( Fig. 3 E-H) . To confirm further the fate of these neurons, the distribution of BrdUrd immunoreactivity was studied at P14. In both WT and ER␤Ϫ͞Ϫ mice, almost all the BrdUrd-labeled cells had migrated to layers II-III. However, significantly fewer neurons, generated at E15.5 and E16.5, were found in the cortex of ER␤Ϫ͞Ϫ mice. This was true for both male (Fig. 4 A and B) and female (Fig. 4 C and D) mice.
Quantitative comparison of the number of BrdUrdimmunopositive cells in multiple comparable sections showed that there were significantly fewer neurons in the upper layers (shown with arrows in Figs. 3 and 4) of the cerebral cortex of ER␤Ϫ͞Ϫ than in littermate controls at E18.5 and P14 (Fig. 5) .
The architecture and organization of the radial glial scaffold was also examined in coronal sections of ER␤Ϫ͞Ϫ and WT mouse cortex at developmental stage E18.5 (Fig. 6) . Radial glia cells provide the structural framework that establishes neuronal patterning in the mammalian forebrain. At around the time of birth, these glial cells transform into astrocytes and can be identified by the expression of GFAP. Radial glia cells in the ER␤Ϫ͞Ϫ mouse cortex at E18.5 were organized in an approximately radial pattern across the thickness of the cortex. The pattern of the radial scaffold emanating from them appeared to be misaligned and disorganized by the presence of astroglia-like cells. These cells stained positively for nestin but not GFAP. Their processes appeared as many short fragments interspersed among the radial glial processes (Fig. 6 B, D , and E).
Another noticeable difference was in the neurons in layer I close to the pial surface. In ER␤Ϫ͞Ϫ mice, the radial glial fibers formed more abundant end feet on these neurons (Fig. 6D) . With an antibody against the calcium-binding protein calretinin, a marker for Cajal-Retzius cells, no differences in either the number or morphology of Cajal-Retzius cells between ER␤Ϫ͞Ϫ and WT mice was evident (data not shown).
The Role of ER␤ in Differentiation. Microtubules play a crucial role in the development and structure of nerve cells. MAPs are important for the assembly and stability of microtubules during neurite outgrowth and for the morphology of neuronal processes such as dendrites. MAP-2B, a 280-kDa protein, is a neuronal antigen expressed throughout brain during development (27) . At E18.5, most cortical neurons were MAP-2B-positive and immunoreactivity was more prominent in layer I. In the cortex of WT mice, neurons in the upper layers displayed in a clear laminar and radial formation (Fig. 7A) , whereas in ER␤Ϫ͞Ϫ mice, cortical neurons appeared to be orientated randomly and the upper layers were disorganized (Fig. 7C) . In ER␤ϩ͞Ϫ mice, the structure was more similar to that seen in WT mice (Fig. 7B) .
The Role of ER␤ in Apoptosis. Although abnormalities in the processes of radial glia would be expected to result in the number of late-generated cortical neurons as is observed in the ER␤Ϫ͞Ϫ mouse brain, other factors such as a decrease in cell proliferation and͞or an increase in apoptosis could also contribute to this neuronal deficit. When the number of apoptotic cells was assessed by TUNEL assay at E18.5, there were clearly many more apoptotic cells in ventricular zone in ER␤Ϫ͞Ϫ mice than in control littermates (Fig. 8) . However, in both ER␤Ϫ͞Ϫ and control mice there were few apoptotic cells in the cerebral cortex. These results indicate that fewer neurons, destined to reside in the cerebral cortex, reach their goal because of increased apoptosis in the ventricular zone in ER␤Ϫ͞Ϫ mice.
Discussion
Our previous study showed that in the cerebral cortex of brains of mice lacking ER␤, there is a significant neuronal deficit and an overabundance of astroglia cells (23) . To understand the mechanism of this neuronal deficit further, we examined the ER␤Ϫ͞Ϫ mouse brains for defects in neural development. Cortical neurogenesis in mice begins at ϷE11 and continues through E17. During early neurogenesis, very few progenitor cells in the neuroepithelium exit the cell cycle to become postmitotic neurons, whereas the vast majority of progenitor cells reenter the cell cycle after mitosis, resulting in a steady expansion of the neural progenitor population. As neurogenesis proceeds, a fraction of neural progenitor cells exit the cell cycle, differentiate into postmitotic neurons, and migrate to form the developing neocortex. Therefore, a reduction in the number of neurons in the cortex could occur via several possible mechanisms: decreased proliferation, increased apoptotic cell death, abnormal differentiation, and migration. Because the abnormalities in ER␤Ϫ͞Ϫ mouse brains appear quite early, we speculated that there could be either exaggerated neuronal death and͞or defective migration of neurons during development. In mammals, E12.5 marks the beginning of the formation of the CP. BrdUrd injected at E12.5 should label cortical neurons that are generated early in the developmental program. According to the ''inside-outside'' orchestrated layering, these neurons should be destined to a location in a deep layer of the cortex. Because the neuronal loss in the adult ER␤Ϫ͞Ϫ mouse cortex was more pronounced in superficial layers than deeper layers (23), we speculated that neurons in the deep layer would be affected little by the lack of ER␤. In the present study, we examined this possibility.
Although ER␤ is not required for survival of mice, at E18.5 the brains of ER␤Ϫ͞Ϫ mice were smaller than those of their WT and heterozygous littermates. Histological analysis of E18.5 ER␤Ϫ͞Ϫ mouse brains revealed an obvious defect in the cerebral cortex, which was characterized by a reduction in cortical thickness with no compensatory increase in cell density. Moreover, because at E14.5 there was no cortical defect, the retardation of development mainly occurs at later stages of corticogenesis.
Neuronal labeling with BrdUrd pinpointed the defect to the late stage of corticogenesis. In the cortex of ER␤Ϫ͞Ϫ mice, neurons that were generated early migrated to the correct position as evidenced by formation of the clear CP indistinguishable from that in WT mice. However, neurons generated later and destined to layers II-IV were delayed in their migration in mice lacking ER␤. As the mice aged, the neurons labeled at E15.5 and E16.5 eventually did migrate to the correct position in the cortex, but there were far fewer of these neurons than were seen in control mice.
Recently, it was reported that ER␤ mRNA was detected from E10.5 to E16.5 in mouse embryos, whereas the earliest detection of ER␣ mRNA was on E16.5 (28) . These results indicate that ER␤ could be the more important ER during early embryogenesis. A previous study (29) showed that in the developing cerebral cortex of rats, using an oligodeoxyribonucleotide probe encoding a sequence of the estrogen-binding domain of rat ER␣ cDNA, ER␣ mRNA was found to be expressed extensively in the ventricular zone, primitive plexiform layer, and immature CP at least as early as E16 (equal to mouse E14.5). During the first 3 postnatal weeks, cortical ⌭R␣ mRNA expression was increasingly restricted to the upper third of the cerebral cortex and to the neurons of the cortical subplate (layer VIb͞VII), and it decreased to low levels by P28. This pattern of ER␣ expression is quite in line with its expression in late generated cortical neurons. Autoradiographic studies with 11␤-methoxy-16␣- ]moxestrol uptake by radioautography and by cell nuclear isolation and counting of radioactivity revealed a marked increase in the number of ERs in the brains of mice during late fetal and early postnatal development (31) . Although the distribution pattern of ER␤ in the cerebral cortex during brain development is still unclear, previous data together with our BrdUrd-labeling study strongly suggest that ER␤ might play an important role in regulation of migration of the upper laminae cortical neurons during perinatal life.
Radial glial cells have a function in neuronal migration and laminar patterning of the cortex. During the perinatal period they are transformed into astroglia (18, 19, 21, (32) (33) (34) . We examined ER␤Ϫ͞Ϫ and WT mouse brains at a late developmental stage for the presence of these two cell types. Few astroglial cells were seen in either ER␤Ϫ͞Ϫ or WT mouse brains. Thus, a lack of ER␤ did not hasten the maturation of glial cells into astroglia, and one can conclude safely that the increase in the number of astroglia in the adult ER␤Ϫ͞Ϫ mouse brain occurs postnatally.
Although their maturation was not hastened by the lack of ER␤, the radial glial cells in cerebral cortex in ER␤Ϫ͞Ϫ mice are morphologically different from those in WT mice. When stained for nestin, an intermediate filament shared by radial glial cells and neuronal precursors (35) , the processes of the radial glial cells appear to be truncated or less organized into radial formations. Such abnormal processes might not be able to provide guidance for migrating neurons. The radial glia also have more branched end feet at the marginal zone, and this might result in abnormal contact with Cajal-Retzius cells. These cells are involved directly in the regulation of the radial glial phenotype (36) and are well known as the cells that express reelin (37, 38) . When the reelin gene is disrupted (reeler mouse), there is abnormal migration and positioning of migrating neurons in the cerebral cortex (25, 39) . Although the Cajal-Retzius cells themselves appear normal in ER␤Ϫ͞Ϫ mice, their function in neuronal guidance in the absence of ER␤ needs to be examined.
It will also be necessary to consider whether the recently reported role for radial glia in neurogenesis (22) is a factor in the cortical deficit in ER␤Ϫ͞Ϫ mice. It remains possible that some of the neurons that die or end up in the wrong place could actually be derived from radial glial cells.
Structural malformation of the cortex was evident also when neurons were stained for MAP-2B, a marker specific for postmitotic neurons (40) . In ER␤Ϫ͞Ϫ mice, neurons stained positively for MAP-2B, indicating that the differentiation was normal. However, when neurons were visualized with this marker, it was clear that the cytoarchitecture of the cortex was disorganized. This disorganization might be closely related to the abnormality of the radial glia processes described above.
We also assessed by the TUNEL assay whether the decreased number of late-generated neurons in the ER␤Ϫ͞Ϫ cortex was caused by neuronal death. Many more apoptotic cells were found in the proliferative zones in ER␤Ϫ͞Ϫ mice, indicating that the lack of ER␤ promotes apoptosis. Interestingly, in contrast to our data, an in vitro study showed that ER␣ is neuroprotective, whereas ER␤ mediates the induction of apoptosis in neuronal cells (4) . These apparently contradictory results might be due to many differences between the two experimental systems. Because no neuronal deficits have been reported in ER␣Ϫ͞Ϫ mice and ER␣ does not compensate for the loss of ER␤ in CNS development, it seems that ER␣ does not have the same functions in the developing CNS as does ER␤.
Taken together, the results of our study have confirmed that there is a neuronal deficit in the cerebral cortex of adult ER␤Ϫ͞Ϫ mice and this deficit is at least in part due to disturbances during development. The observed deficit in corticogenesis at the late developmental stage is due to abnormal neuronal migration and increased level of apoptotic neuronal death.
